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We demonstrate the strong coupling of both magnons and phonons to terahertz (THz) frequency
electromagnetic (EM) waves confined to a photonic crystal (PhC) cavity. Our cavity consists of a
two-dimensional array of air-holes cut into a hybrid slab of ferroelectric lithium niobate (LiNbO3)
and erbium orthoferrite (ErFeO3), a canted antiferromagnetic crystal. The phonons in LiNbO3 and
the magnons in ErFeO3 are strongly coupled to the electric and magnetic field components of the
confined EM wave, respectively. This leads to the formation of new cavity magnon-phonon-polariton
modes, which we experimentally observe as a normal-mode splitting in the frequency spectrum and
an avoided crossing in the temperature-frequency plot. The cavity also has a mode volume of
V = 3.4 × 10−3λ3 ≃ 0.5(λ/n)3 µm3 and can achieve a Q-factor as high as 1000. These factors
facilitate the pursuit of the fields of THz cavity spintronics and quantum electrodynamics.
I. INTRODUCTION
The light-matter interaction between an electromag-
netic field and a resonant material mode can be enhanced
when it occurs inside of a cavity that strongly confines
the light. The interaction inside the cavity is termed as
strong coupling (SC) if the rate of energy transfer be-
tween the light and matter is much faster than the ir-
reversible processes due to both loss of light out of the
cavity and non-radiative damping within matter [1]. In
the SC regime, light and matter can no longer be treated
as separate entities and must be described by two su-
perposition states called cavity polaritons with an en-
ergy difference given by the normal mode or Rabi split-
ting energy ~Ω. Cavity-enhanced SC has been observed
between photons and a diverse range of excitations in-
cluding Rydberg atom transitions [2], excitons [3], plas-
mons [4], NV center spins [5], magnons [6], and Cooper
pairs of a superconductor [7]. A subset of demonstra-
tions have been at the single-photon or few-photon level,
and these fall under the field of cavity quantum electro-
dynamics (QED) [8, 9]. However, strong coupling can
also be based on the classical coherence of macroscopic
electrodynamic fields. While the QED demonstrations
motivate cutting-edge applications such as quantum com-
putation [10], classical demonstrations are also valuable.
Not only do they serve as important groundwork for their
quantum analogues, but they also have applications in
their own right in fields such as lasing [11, 12] and sens-
ing [13, 14].
The value of classical demonstrations can be seen in the
field of cavity spintronics, which studies the strong cou-
pling of cavity photons to spin ensembles (e.g. magnons).
The first classical demonstration of cavity spintronics
was reported by Zhang et al. [15] using microwave cav-
ity photons and magnons in yttrium iron garnet (YIG).
They observed a Rabi-like oscillation of the light inten-
sity, which they attributed to the coupling between the
magnetic field of the EM wave and the magnetization of
YIG. Thus far, cavity spintronics has demonstrated the
ability to achieve long-term storage and all-optical ad-
dressing of spin states, important elements in realizing
spin-based computation.
More capabilities can be added to cavity spintronics
by transitioning it into the THz frequency range. The
first report of polaritons formed by the SC of THz light
and magnons was by Sanders et al. in 1978 [16], wherein
a slab of iron (II) fluoride that exhibits an antiferromag-
netic resonance at 1.58 THz was used. More recently,
Kampfrath, et al. used advancements in the generation
of ultrashort and intense THz pulses to demonstrate co-
herent control over antiferromagnetic magnons in nickel
oxide [17]. There have also been demonstrations at THz
frequencies of the inverse Faraday effect [18] and non-
linear spin control [19, 20]. The prospect of harnessing
these properties for cavity spintronics makes it desirable
to realize a platform at THz frequencies. However, such
a platform has remained elusive so far, mostly due to the
absence of highly confining THz cavities and sensitive
detection techniques.
Here, we overcome both of these limitations by using
a unique photonic crystal (PhC) cavity. We demonstrate
strong coupling of both magnons and phonons to THz
cavity photons. Specifically, we build a PhC cavity in
hybrid structure consisting of a 53 µm slab of lithium nio-
bate (LiNbO3) and a 40 µm slab of erbium orthoferrite
(ErFeO3). Optical phonons in the slab of ferroelectric
LiNbO3 are strongly coupled to a THz E-field to form
phonon-polaritons [21, 22], while the magnons in an ad-
jacent slab of the canted antiferromagnetic ErFeO3 are
strongly coupled to the THz magnetic field (H-field) to
form magnon-polaritons [23]. We recently demonstrated
coupling of the two modes in a hybrid LiNbO3/ErFeO3
waveguide to form new hybridized modes that we termed
magnon-phonon-polaritons [24]. In the present work we
have extended the demonstration to a hybrid 3D cavity
through spatial patterning of the hybrid waveguide struc-
ture. In the hybrid cavity, the bare magnon, phonon,
and photon modes become strongly coupled to form new
hybridized modes that we term cavity magnon-phonon-
polaritons. Coupling to the magnons in ErFeO3 forms
the basis for a spintronics platform, while coupling to
the phonons in LiNbO3 enables the efficient generation
and detection of light directly inside the cavity. In Sec.
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2II of this article, we will first examine cavity phonon-
polaritons using a PhC cavity fabricated in a slab of
LiNbO3, and in doing so point out the unique properties
of the platform. In Sec. III, we will then examine cav-
ity magnon-phonon-polaritons using a PhC cavity fab-
ricated in a hybrid slab consisting of both LiNbO3 and
ErFeO3. We will validate our observation of strong light-
matter coupling by demonstrating normal-mode splitting
in the THz frequency spectrum and avoided crossing in
the temperature-frequency dependence.
II. PHONON-POLARITONS IN A PHC CAVITY
Initially, the sample under investigation is a 53 µm
thick (100) slab of LiNbO3. By focusing an intense
800 nm laser pulse into the slab, coherent THz phonon-
polarition wavepackets can be generated via impulsive
stimulated Raman scattering (ISRS) [25–28], a process
that is exploited extensively for high-field THz wave gen-
eration in LiNbO3 [29]. Our phonon-polariton wavepack-
ets, with ∼0.1-2 THz spectral content, are in the lower
polariton branch that extends below the optical phonon
frequency of 7.4 THz and corresponds to in-phase excur-
sions of the lattice vibration and the EM field. Due to
the index mismatch between the phonon-polaritons and
the optical pulse generating them, the phonon-polaritons
propagate away from the generation region. In a bulk
LiNbO3 crystal the THz wave propagation is primar-
ily in the lateral directions relative to the optical pump
beam propagation direction, and in a LiNbO3 slab whose
thickness is on the order of the THz wavelength, the
THz waves propagate in the plane of the slab as di-
electric waveguide modes [30]. To detect their progress,
we exploit the electro-optic (EO) effect wherein the THz
electric field (E-field, ETHz) modulates the LiNbO3 re-
fractive index [31]. More specifically, the lattice dis-
placements of the optical phonon mode change the opti-
cal refractive index via electron-lattice interactions [32].
By passing a time-delayed optical probe pulse through
the slab and measuring the THz-induced depolarization
(see Fig. 1a), a time-dependent THz electric-field profile
ETHz(t) can be obtained (see Fig. 1b). The field pro-
file can then be Fourier transformed (FT) to retrieve the
frequency spectrum (see Fig. 1c). If the probe pulse is
spatially expanded and detected on a camera, we can also
obtain a spatially resolved image of the THz wave (see
Fig. 1d). We thus have a platform for generating and de-
tecting THz waves directly inside the slab. In the past,
these basic properties were used to demonstrate capabili-
ties such as spatiotemporal coherent control of lattice vi-
brational waves [33], time-resolved near-field THz imag-
ing [34], and on-chip all-dielectric devices [35]. Note that
although the THz waves in our experiments are largely
light-like, the phononic nature is still integral to the dy-
namics. Not only does the lattice carry about 30% of the
energy in the 0.1-2 THz range [21] (see Appendix), the
phonon mode is also responsible mechanistically for effi-
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FIG. 1. On-chip THz generation and detection. (a)
Schematic illustration of the use of a line-focused 400 nm
pump pulse to generate THz frequency phonon-polaritons in
a thin slab of LiNbO3 (30-100 µm thick). An 800 nm probe
pulse is variably delayed from the pump pulse to measure the
time-dependent THz E-field profile via the EO effect. The co-
ordinate axes represent the polarization of the THz light and
the LiNbO3 ferroelectric polarization P that is modulated
by the phonon-polariton wave. (b) Time-domain profile of
the detected THz wavepacket and (c) the corresponding THz
spectral intensity, obtained by squaring the FT of (b). (d)
Recorded image of a THz wave propagating inside a LiNbO3
slab, obtained from the difference between signals on a cam-
era measuring light intensities in orthogonal polarization as
shown in (a). The signal at any pixel in the image is directly
proportional to the THz E-field, with the white and black
regions representing opposite polarities of the E-field.
cient generation and detection of the THz waves in our
experiments. In addition, we will see shortly that the
phononic nature also plays the dominant role in defining
the resonant frequency and lifetimes of the cavity modes.
The bare LiNbO3 waveguide provides THz field con-
finement along the x-axis (out-of-plane axis), but to build
a cavity we also desire confinement in the y- and z-
directions. To accomplish this, we utilized a photonic
crystal cavity [36–38] composed of a periodic array of air
holes cut into the LiNbO3 slab using femtosecond laser
machining [39]. The cavity we fabricated, often referred
to as an L3 cavity [40], is shown in Fig. 2a and is com-
posed of a hexagonal lattice of air holes with three holes
removed from the array to form the “defect”. To ex-
cite the cavity modes, we focused a 400 nm pump pulse
into the defect region of the crystal, which launched two
counter-propagating THz phonon-polariton wavepackets.
To detect these cavity modes, we directed an 800 nm
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FIG. 2. THz-frequency phonon-polaritons in a PhC
cavity. (a) Schematic illustration of a L3 PhC cavity com-
posed of a hexagonal lattice of air holes cut through a 53 µm
LiNbO3 slab, with three air holes removed from the array
to form the defect. Optical laser pulses are focused into the
defect region to generate and detect phonon-polariton cav-
ity modes. The coordinate axes represent the polarization of
the THz light and the LiNbO3 ferroelectric polarization P .
(b) Recorded images at 3 and 4 ps after generation, show-
ing THz phonon-polaritons counter-propagating away from a
pump pulse that irradiated the center of the PhC cavity (air
holes: radius r = 29 µm, periodicity a = 100 µm). (c) The
left figure is a time trace of the THz E-field in the cavity, taken
by fixing the location of the pump and probe lasers as shown
in the inset. Dashed lines indicate an approximate time win-
dow during which the initial THz wavepacket passes by the
probe pulse. The right figure shows the spectral intensity of
the windowed region (red dashed lines) and the entire time
trace (blue solid line), demonstrating that the initial broad
bandwidth is narrowed to that of the cavity mode.
probe pulse into the defect region and recorded the time-
evolution of the THz E-field as shown in Figs. 2b (imag-
ing) and 2c (localized point detection). The wavepackets
initially contain a broad range of frequencies as evidenced
by a windowed FT (see Fig. 2c, right). When they reach
the edges of the cavity, those waves with frequencies in
the PhC band gap are strongly reflected while the rest of
the frequency components are partially reflected due to
the index mismatch with the surrounding PhC (i.e. Fres-
nel reflection). The bandwidth in the cavity thus narrows
with every successive interaction with the holes, quickly
approaching the limit where only the cavity modes are
confined to the slab (see Fig. 2c, right). In Fig. 3a,
we show the simulated E-field profiles for two of these
modes, labelled X1 and X2. In general, the modes have
distinct spatial distributions, with the higher-frequency
modes exhibiting a higher number of nodes and extrema.
Due to the small focal spot size of the pump (wy ∼ 10
µm, wz ∼ 50 µm) and probe pulses (wy ∼ wz ∼ 10 µm),
their locations in the cavity determine the modes with
which they predominantly interact. By choosing pump
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FIG. 3. Selective excitation and detection of cavity
modes. (a) FEM simulations of the mode profiles for two
PhC cavity modes (air holes: radius r = 29 µm, periodicity
a = 100 µm) denoted as X1 and X2. The color map corre-
sponds to the z-polarized electric-field distribution (b) The
left figure shows the frequency spectrum after selective inter-
action with either the X1 or X2 mode, with accompanying
insets that show the location of pump (blue) and probe (red)
beams. The right figure compares the narrow linewidths of
the cavity modes to the broad spectrum in the bare waveg-
uide.
and probe pulses to overlap with the extrema of a par-
ticular mode spatially, we can favor its generation and
detection, respectively. For instance, in Fig. 3b we show
the frequency spectrum where we selectively excited and
detected either the X1 or X2 mode.
Thus far, we have discussed the central role that the
phonon mode plays in THz wave generation and detec-
tion, but the phononic nature of the polaritons is most
easily seen by its influence on the cavity modes as a
function of temperature. Firstly, the transverse optical
phonon in LiNbO3 is a soft mode associated with the fer-
roelectric phase transition at Tc = 1418 K [41] at which
the dielectric constant reaches a maximum. As a result,
there is a sizeable decrease in the THz refractive index
from its room temperature values (neo ∼ 5 & no ∼ 6.7)
to those at cryogenic temperatures [42]. As shown in
Fig. 4, the decrease in the refractive index increases the
cavity mode frequency (∆ω/ω ∼ ∆n/n [38]). Secondly,
the damping of the low-frequency phonon-polaritons in
LiNbO3 is mainly attributed to a coupling of the TO
phonon to other low-frequency phonon modes [43, 44].
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FIG. 4. Temperature-dependent frequency spectra.
The temperature-dependent spectra for the X2 cavity mode
(see Fig. 3a) demonstrate the influence of the soft transverse
optical phonon mode in LiNbO3. As the temperature is re-
duced, the refractive index and phonon damping decrease and
this causes, respectively, an increase of the mode frequency
and a decrease of the mode linewidth. Inset shows the tem-
perature dependence of the Q-factor and resonant frequency.
This damping is reduced by a factor of ∼5 from 290 K
to 79 K as the low-frequency phonon modes become de-
populated [42, 45]. The effect on the cavity modes can
be deduced from Fig. 4, where the mode linewidth is
also reduced by a factor of ∼5. To analyze this change
more quantitatively, we introduce a measure of the cav-
ity lifetime called the quality factor Q = ωcav/κ, where
ωcav is the resonant frequency of the mode and 1/κ is
the rate of energy loss from the cavity [46]. The qual-
ity factor can be interpreted as a dimensionless lifetime
that can account for the combined contributions from the
instrinsic damping Qm and radiative scattering of light
out of the cavity Qr leading to a net Qnet defined as
1/Qnet = 1/Qm+1/Qr. In our case, the increase in Qnet
with temperature is directly proportional to the decrease
in phonon damping because that is the dominant mecha-
nism limiting the lifetime, i.e. Qm ≪ Qr so Qnet ≃ Qm.
Hence, in our experiments the highest Q = 510 was ob-
tained at our lowest recorded temperature of 79 K. Based
on the temperature-dependence of the phonon absorption
coefficient of LiNbO3, the Q can be increased further to
Q ≃ 1000 at 4K [45]. Another important measure of the
cavity is the effective mode volume Veff , defined as
Veff =
∫
ϵ(r) |E(r)|2 d3r
max
[
ϵ(r) |E(r)|2
] (1)
For the X1 mode, Veff = 3.4 × 10−3λ3 ≃ 0.5(λ/n)3,
where λ is the free-space wavelength and n = 5.21 is
the average refractive index of the slab. Although the
effective mode volume is not appreciably smaller than the
(λ/n)3, the large refractive index of the LN slab at THz
frequencies results in a mode volume that is nearly three
orders of magnitude smaller than the free-space volume.
III. MAGNON-PHONON POLARITONS IN A
PHC CAVITY
Having established the particulars of our platform, we
now discuss our experiments regarding the strong cou-
pling between magnons, phonons, and cavity photons.
Our system consists of a thin composite slab of 53 µm
thick (100) LiNbO3 and 40 µm thick (001) ErFeO3. In
LiNbO3, we have seen that the material excitation is the
polar lattice vibration with its polarization P along the
z-axis (as defined in Fig. 5a). In ErFeO3, the material
excitation is the collective magnetic spin, i.e. the Bril-
louin zone center quasi-antiferromagnetic (AF) magnon
mode. The THz H-field modulates the net magnetiza-
tion MAF along the c axis of the orthorhombic crystal
(x-axis as defined in Fig. 5a) in amplitude at the mag-
netic resonance transition frequency (0.67 THz at 290 K,
0.75 THz at 79 K). As before, a PhC cavity was fabri-
cated using laser machining to cut air-holes in a hexag-
onal array through the hybrid slab consisting of LN and
EFO (see Fig. 5a). The simulated Ez-field and Hx-field
profiles for the cavity modes (labelled X1) are shown
in Fig. 5b. The E-field component of the light, polar-
ized along the z-direction, can couple to the phonons in
LiNbO3 to produce mixed phonon-polariton modes. Si-
multaneously, the H-field component of light, polarized
along the x-axis, can couple to the AF mode of EFO to
produce mixed magnon-polaritons. In the hybrid cavity,
uniform z-electric-polarized, x-magnetic-polarized THz-
frequency electromagnetic waves can extend throughout
both materials, which enables us to form new hybridized
cavity magnon-phonon-polariton modes.
To verify the formation of cavity magnon-phonon-
polariton modes, we studied the frequency spectrum of
the THz waves as the frequencies of the cavity and
magnon modes were tuned by temperature. While we
have seen that the cavity resonance of the pure LN shifts
upon reduction of the temperature from 290 K to 77 K
by ∼18 GHz in a weakly quadratic fashion (see Fig. 4 in-
set), the magnon resonance shifts by ∼80 GHz and does
so with a higher-order functional form [47, 48]. To record
the frequency spectrum, we generated and detected THz
waves, through ISRS and EO detection as described ear-
lier, in the LiNbO3 portion of the hybrid cavity (see Fig.
6a). Despite being excited in LiNbO3, the THz waves
evolve into the modes that span the entire hybrid struc-
ture. Thus, there exists an E-field parallel to the polar
lattice vibration in LiNbO3 and an H-field parallel to the
antiferromagnetic magnetization in ErFeO3. However,
EO probing is only sensitive to the E-field in LiNbO3 and
can therefore only detect the AF-mode magnon response
through its interaction with the cavity mode. As shown
in Fig. 6b, at 290 K we only observed a single Lorentzian
peak corresponding to the cavity mode at 0.72 THz and
did not observe the magnon mode at 0.67 THz, which
was sufficiently detuned such that any interaction with
the cavity mode was negligible. However, as the temper-
ature was reduced and thus the two modes tuned to be in
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FIG. 5. Hybrid PhC cavity. (a) Schematic illustration of
a L3 PhC cavity composed of a hexagonal lattice of air holes
cut through a hybrid slab composed of 53 µm LiNbO3 and 40
µm ErFeO3. Optical laser pulses are focused into the defect
region to generate and detect magnon-phonon-polariton cav-
ity modes. The coordinate axes represent the polarization of
the THz light, the LiNbO3 ferroelectric polarization P that
is modulated by the phonon-polariton mode, and the ErFeO3
magnetization MAF that is modulated by the AF magnon
mode. (b) FEM simulation of the X1 mode profile in the
hybrid PhC cavity (air holes: radius r = 29 µm, periodicity
a = 74 µm). The left image shows the y-polarized electric-
field distribution, and the right image shows the z-polarized
magnetic-field distribution.
resonance, a clear double-peaked spectrum appeared. At
210 K, the detuning between the bare modes was only 2
GHz, yet we observed two peaks that were separated by
nearly 8 times the detuning. This double-peaked struc-
ture is characteristic of a normal mode splitting that can
arise from the strong coupling between the cavity and
magnon modes.
The interaction can be modelled using the Hamiltonian
for coupled oscillators given by
H =Hcav +Ho +Wint, (2)
H =~
(
ωcav − jκ 0
0 0
)
+ ~
(
0 0
0 ωo − jγ
)
+ ~
(
0 Ω/2
Ω/2 0
)
, (3)
ωUP/LP =
ωcav + ωo
2
− j γ + κ
2
±
√
Ω2 + [(ωcav − ωo) + j(γ − κ)]2. (4)
Here, Hcav and Ho are the bare Hamiltonians for respec-
tively the cavity and magnon modes, and Wint denotes
their interaction. Correspondingly, ωo and γ are the
magnon resonance frequency and linewidth, and ωcav and
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FIG. 6. THz-frequency magnon-phonon-polaritons in
a PhC cavity. (a) Temperature-dependent time traces of
the THz E-field in the hybrid cavity. Traces are vertically
offset by 1 unit for clarity. (b) THz spectra near the X1
mode. The double-peaked spectrum in the range of 170-230 K
demonstrates the presence of a normal mode splitting between
the cavity and magnon modes. The dashed and dotted lines
overlaid at 210 K correspond to models for strongly coupled
oscillators (SC) and THz absorption by the magnon mode in
the weak-coupling limit (WC), respectively.
κ are the cavity resonant frequency and linewidth, respec-
tively. Finally, Ω is the splitting frequency and the only
undetermined parameter in the equations. The solutions
to this 2 × 2 Hamiltonian correspond to the upper and
lower magnon-phonon-polaritons ωUP and ωLP , respec-
tively. As shown in Fig. 6b by the blue dashed curve, the
coupled oscillator model (SC) shows excellent agreement
with our data and indicates that the phonon, magnon,
and cavity photons are no longer the eigenmodes of the
system. Instead, the THz response goes back and forth
at the frequency Ω between a state wherein the energy
is stored purely in the light field and phonons in LiNbO3
and a state wherein the energy stored purely in the
magnons in ErFeO3. Note that these spectra are dis-
tinctly different from the result of simple THz absorp-
tion by the magnon resonance in ErFeO3. The magnon
linewidth is far narrower than the splitting we observe be-
tween the upper and lower polariton peaks, as shown in
Fig. 6b. Absorption at the magnon frequency would also
yield a double-peaked structure around that frequency
due to the magnon FID induced in the weak-coupling
(WC) limit by the THz field generated in LiNbO3. How-
ever, in this case the separation between the two peaks
is given by the magnon absorption linewidth rather than
the strength of the coupling (simulation shown in the
red dotted curve of Fig. 6b). The actual spectrum we
measure and the model based on strong coupling (blue
dashed curve) show a far larger separation between the
two THz spectral peaks.
By identifying the lower and higher frequency peaks
as respectively the upper and lower polaritons, we gen-
erated a plot for the two branches as a function of the
temperature, as shown in Fig. 7. The curves for the cou-
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FIG. 7. Avoided crossing of cavity magnon-phonon-
polaritons. The upper and lower polariton mode frequen-
cies are plotted as a function of temperature. The solid lines
correspond to the strongly coupled oscillator model while the
dashed lines correspond to the bare magnon and cavity fre-
quencies. The bottom left inset shows the locations of the
upper (UP) and lower (LP) polariton and magnon frequencies
in the cavity spectrum at 210 K. The top right inset shows
the weakly quadratic temperature dependence of a higher-
frequency cavity mode, which was used to determine the tem-
perature dependence of the bare cavity mode that is resonant
with the magnon (red dashed line).
pled oscillator modes and bare cavity and magnon modes
are also overlaid in Fig. 7. The temperature dependence
of the bare magnon frequency was recovered from the
dips in the frequency spectrum (see Fig. 7, bottom left
inset) and agrees well with previous results [47, 48]. The
temperature dependence of the bare cavity frequencies
was determined from an adjacent mode that showed the
same dependence (see Fig. 7, top right inset). Subse-
quently, the bare frequencies were used to calculate the
upper and lower polariton branches with Ω as the fitting
parameter. The coupled oscillator model agrees well with
the data at all detunings and reveals the existence of an
avoided crossing between the two branches, a hallmark
signature of strong coupling. From the two branches,
we estimated the splitting frequency at zero detuning to
be Ω/2pi = 16 GHz. Utilizing the splitting frequency
and the linewidths for the magnon γ/2pi = 7 GHz and
cavity mode κ/2pi = 14 GHz at zero detuning, we also
estimated the cooperativity factor C = Ω2/κγ, a dimen-
sionless quantity that compares the coupling strength to
the losses in the system. A system exhibiting C > 1 is
considered to be in the strongly coupled regime, and we
derived C = 2.6 for our data. This further supports the
assertion that we reached the strong coupling regime.
Note that the quality factor of the hybrid cavity mode
ranged from Q = 42 at room temperature to Q = 56 at
100 K. This was smaller than in our bare LiNbO3 cavity
and was attributed to both damping from the ErFeO3
and significant radiative scattering. The radiative scat-
tering is not entirely surprising given the difficulty of
laser machining high quality air holes through a compos-
ite structure. Nonetheless, our Q was sufficient to reach
the strong coupling regime, i.e. C > 1.
IV. CONCLUSIONS
We have demonstrated evidence for strong coupling
among magnons, phonons, and cavity photons at THz
frequencies using a unique cavity platform. Firstly, we
demonstrated a platform wherein THz waves are gener-
ated, confined, and detected directly inside a PhC cavity
built into a LiNbO3 slab. The cavity modes, strongly
coupled admixtures of phonons and cavity photons, have
a Q-factor of 510 at 79 K (the lowest temperature stud-
ied) and a mode volume of V = 3.4×10−3λ3 ≃ 0.5(λ/n)3
µm3. The Q-factor is limited by the phononic nature of
the modes and can be increased to Q ≃ 1000 at 4 K.
Secondly, the platform was used to demonstrate strong
coupling in a hybrid cavity composed of LiNbO3 and
ErFeO3. Using temperature tuning of the cavity and
magnon modes, we observed a normal mode splitting
of 16 GHz, an avoided crossing between the upper and
lower polariton branches, and a cooperativity factor of
C = 2.6. The data also show excellent agreement with
a coupled oscillator model. These observations are un-
derstood as evidence for the formation of cavity magnon-
phonon-polaritons, wherein phonons in the LiNbO3 and
magnons in the ErFeO3 are coupled to the EM wave E-
and H-fields, respectively.
Our demonstration illustrates a system with multifunc-
tional capabilities that should prove promising for real-
izing THz cavity spintronics. For instance, ErFeO3 en-
ables long-term storage and all-optical addressing of spin
states. As a complement, LiNbO3 has large electro-optic
constants that enable efficient generation and detection
of THz waves, with handles for both spatial and temporal
shaping of the THz field profile.
Our cavity is able to achieve a Q-factor comparable
to another THz cavity recently used in strong coupling
work [49], but in a much smaller mode volume that is
nearly diffraction limited. Another advantage is that the
Q-factor can be increased without degrading the injec-
tion and readout. To inject and readout light from a
typical photonic crystal cavity, one couples to free space
via radiative scattering or directly couples into the mode
via the evanescent field. Therefore, the Q-factor must
be degraded to boost the coupling efficiency. In con-
trast, our platform circumvents this by generating and
detecting the light directly inside the cavity, enabling us
to increase the Q-factor without the same penalty. We
believe this will prove valuable for experiments pursu-
ing THz cavity QED. These experiments require high
Q and low V because the vacuum Rabi frequency must
be fast compared with the cavity loss rate and decoher-
ence processes. A high Q minimizes decoherence, while
a lower V increases the Rabi frequency (Ω ∼ 1/√V ).
There has already been some progress in using electro-
optic crystals similar to LiNbO3 to measure the quantum
properties of light at THz frequencies [50–52]. Combin-
7ing this methodology with our cavity should be seamless,
and should enable the demonstration of THz cavity QED
phenomena in the future.
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Appendix A: Appendix
To calculate the energy distribution between the lattice
motion and EM field, we begin by describing the coupling
between the transverse polar optic phonon mode and the
electromagnetic field. The coupled equations are given
as [21].
P = ωTO
√
ϵo (ε0 − ε∞)Q+ ϵo (ε∞ − 1)E (A1)
Q¨ = −ω2TOQ− ΓQ˙+ ωTO
√
ϵo (ε0 − ε∞)E (A2)
Here, P is the macroscopic polarization of the material,
E is the E-electric field amplitude, and Q is the normal-
ized ionic displacement of the polar optic phonon mode
where an over-dot indicates the time derivative. In ad-
dition, ωTO is the transverse optic phonon frequency, ϵo
is the vacuum permittivity, and ε∞ and ε0 are the high-
and low-frequency dielectric constants of the material, re-
spectively. We now introduce Poynting’s theorem, which
relates the energy stored in the electromagnetic field to
the work done on the electric dipoles in the medium. In
differential form, the energy balance can be expressed
as [53]
−∇ · S = W˙ , (A3)
where S is the Poynting vector and W is the energy den-
sity. Equation (A3) states that the rate of energy de-
crease in the medium (RHS) is equal to the amount of
energy flow out of the medium (LHS). To determine the
energy distribution between the lattice and EM field, we
must determine the appropriate energy density W that
satisfies Eqn. (A3). Such an energy density was proposed
by Huang [21] in the absence of damping (Γ = 0), and is
given as
W =
1
2
(
Q˙2 + ω2TOQ
2
)
+
1
2
(
ϵoε∞E2 + µoH2
)
(A4)
Where H is the magnetic field and µo is the vacuum
permeability. The first term in brackets represents the
vibrational energy of the TO phonon mode, given as a
sum of the potential and kinetic energy terms one nor-
mally uses for a harmonic oscillator. The second term in
brackets represents the EM energy, with an inclusion of
the electronic response via the term ε∞. From this en-
ergy density, we can write the time-averaged lattice and
EM energies as
⟨Wlatt⟩ =
ω2TOϵo(ε0 − ε∞)
(
ω2 + ω2TO
)
4 (ω2TO − ω2)2
|Eo|2, (A5)
⟨WEM ⟩ = 1
4
(
ϵoε∞ +
1
µo
(
k
ω
)2)
|Eo|2. (A6)
where ⟨Wlatt⟩ and ⟨WEM ⟩ are the time-averaged energy
of the lattice and EM wave, respectively. Using Eqns.
(A5) and (A6), and assuming material parameters for LN
as specified in [28], the fraction of energy in the lattice is
32% at 1 THz.
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